The present work conducts an evaluation of the feasibility and the overall performance and consequent optimization of a direct expansion solar assisted heat pump (DXSAHP) employed for domestic water heating. For the study conducted R134a, R404A, R407C and R410A working fluids were evaluated as well as the use of four, six and eight flat-plate solar collectors and a worktime ranging from 1 to 6 h. The case study is based in Mexico City with a 300 L container and a hot water outlet temperature of 51 • C. The paper introduces a new evaluation criterion based on the thermal capacity and all the evaluations conducted throughout this research revolve around this performance metric. The results show that, the system would require at least 4 h of operation to achieve the outlet temperature. Additionally, it was found that the R410A refrigerant has the best heat transfer properties; with an average condensation heat rate of 6.31 kW, followed by the R407C with 5.72 kW, the R404A with 5.42 kW and the R134a with 5.18 kW. Diversely, the R134a refrigerant requires 0.402 kW of compression work, 62% less than the R410A, which requires 1.06 kW. Consequently, R134a delivers the highest COP, which ranges from 7 to 14, followed by the R407C and R404A refrigerants, which present a similar behaviour between them, with COP ranging from 5 to 9 and 4 to 8, respectively, and finally the R410A, achieving the lowest COP, ranging from 3.5 to 6.5. Moreover, it was found that the R134a presents a higher dispersion regarding the energy exchange rate, which reveals that it is the fluid most susceptible to external factors, such as the weather. Contrarily, the remaining refrigerants present a more consistent performance. Finally, the optimization revealed that the R407C refrigerant is the most suitable given that it requires 20% less compression work than the R404A. This provides the heat pump system with a steadier behaviour, a COP ranging from 7 to 8, 30% higher than R410A, a worktime decrease of 1.5 h and heat transfer area of 5.5 flat-plate solar collectors, equivalent to a 31% reduction, both compared to R134a.
Introduction
In the last decades, the subject of efficient use of energy has become of great interest, for economic as well as environmental reasons. The increasing demand of petroleum-based products and the consequent increase in fuel prices in the global market and issues caused by overexploitation of natural resources, have led to an increase in research and development of new technologies or alternatives to harness renewable energies, as well as new policies regarding energy savings and its efficient use [1, 2] .
The result of these policies is represented by the progressive measures implemented around the world, where the government and a variety of institutions and associations offer subsidies or economic seasons. Similarly, Sánta et al. [19] developed a model solved using Runge-Kutta and Adams-Moulton methods for numerical solution. Applying soft optimization to determine the maximum coefficient of performance given a determined thermal load they obtained that, for their setup, a maximum COP of 5.42 was achievable for a 3.5 kW heat demand. Furthermore, Potočnik et al. [20] propose an alternative approach to the offline optimization of weather-depending heating curves in order to maximize indoor thermal comfort for each parametrization case. They found that this approach does not require daily heating regimes computation, that it generates optimized heating curves and furthermore that the considerations of the atmospheric conditions during the optimization process results in a positive contribution towards the improvement of the indoor thermal comfort. Additionally, Bell and Lemort [21] applied soft optimization to improve performance of the heat pump given a fixed evaporator surface temperature finding that R152a is good working fluid for the system proposed given its high efficiency and reasonable compressor sizing. Furthermore, the COP of the system can be maximized by setting the maximum evaporator surface temperature to the maximum allowed and that when maximum electrical component temperature condition is imposed the best performance is achieved when both ambient temperature and evaporator load are low. Mehrpooya et al. [22] also employed soft optimization and studied the resulting optimal design of a combined solar and ground source heat pump system for greenhouse application. They obtained that the optimum performance when operating with both heat absorption loops and a suitable working fluid reaches 4.14. Diversely, when adding a heat exchanger after the storage tank and using the best working fluid available, even though COP increases to 4.33, the increase of both the initial and operational costs alongside an increase in the auxiliary energy needed cause a decrease on the efficiency of the system. Concluding that the most important parameters in choosing an optimized system are: minimum and maximum COP when maximum heating load is required; auxiliary energy supplied by the additional heaters and the trade-off between costs and performance. Alabdulkareem et al. [23] using a 10.55 kW heat pump system conducted a simulation and posterior soft optimization to find suitable alternatives for the R410A refrigerant based on a low GWP and a rather moderate structural pattern criteria. Regarding the working fluid, they obtained that R32 is superior to R410A in terms of cooling and heating capacities; L41 is superior to R410A in terms of COP and D2Y60 is superior to R410A in terms of compressor discharge temperature. Furthermore, for all the refrigerants a significant charge reduction was observed. Additionally, the result of the structural analysis showed that three improvements could be made: installing a thermal expansion device for L41 so that superheating superheating could be obtained, enhancing heating results by 11%; using a large-capacity displacement compressor when employing D2Y60 to increase cooling capacity and employing a suction line heat exchanger to increase the COP.
Calise et al. [24] analysed the performance in terms of economic profitability of a PVT heat pump system, using the generalized search method as optimization technique. They obtained that this optimal point is achieved hen employing a collector area of 24.25 m 2 obtaining a simple pay back, SPB, of 14.38 years, and that the energetic and economic performance is better in localities with greater energy availability. To further expand their analysis, they employed a design of experiments approach, DOE, to minimize the simple pay back and maximize the primary energy savings [25] the results show a decrease on the SPB form 5.36 to 3.25 years and an increase of energy savings from 2.43 to 7.71 kWh/year. Similarly, Fang et al. [26] developed a predictive model based on performance optimization employing also the DOE approach, evaluating the effect the evaporator air inlet temperature, the air velocity and the compressor frequency have when maximizing COP. The results show that the last two have a more significant effect than the evaporator air inlet temperature, and that the most important design factor was the compressor frequency having an effect on both the cooling capacity and the energy consumption of the compressor.
Alimohammadisagvand et al. [27] also optimized the performance of a heat pump-based system using predictive models based on demand response algorithms. Results show 12% and 10% improvements in maximum total delivered energy and costs savings respectively, and they found Energies 2019, 12, 3883 4 of 38 that an overall minimum life cycle cost occurs when 60 • C is set as the temperature set point with a 0.3 m 3 storage tank.
Li and Kao [28] implemented a Taguchi optimization for two configurations of solar thermal heat pumps, single and dual tank, under five different climatic conditions to determine optimal operating parameters, their contribution and payback period. They obtained that each parameter had a varying level of effect on performance, depending on the location, and attributed this to the interplay between climatic conditions and technical features of the systems. They also found that the flow rate of the heat pump and the flow rate of the solar collector were the most influential parameters for the single and dual tank configurations respectively, regardless of the location. Furthermore, they concluded that the dual tank system is less susceptible to the atmospheric conditions and is the more economical regarding the operational cost, nonetheless, the single tank setup offers a shorter payback period.
Based on the information presented so far, it is evident that heat pump-based appliances are rather complex systems where a considerable amount of parameters are involved and intertwined. Variables related to the atmospheric conditions, over which no control can be exerted, as well as the operation parameters, which do not respond equally to maximization or minimization given an implicit trade-off within the magnitude of this variables and the overall performance. Examples of this trade-off are:
•
The increase of the solar collector area, which increases the energy absorbed by the evaporator, would also increase the surface temperature triggering a back loss via convection phenomena, ultimately decreasing the COP.
•
The use of a refrigerant with higher heat capacity that, in most cases, comes associated with a higher density; this would not only increase the heat absorption but also the compression work needed to transport the refrigerant, which consequently would decrease the overall performance of the HP system.
Multi-Objective Optimization
In order to address this, lately, researchers have resorted to multi-objective optimization techniques as a mean for obtaining the best possible combination of factors with the minimum level of compromise between impinging variables. Kalogirou [29] proposes the implementation of the artificial neural networks, ANN, as a multi-objective optimization technique in order to analyse complex problems proposed by energy processes. Using them as a forecast tool it is possible to estimate and optimize the performance of the system based on an efficient energy management criterion, reducing consumption and thus increasing performance. Similarly, Mohanraj et al. [30] coincide in the fact that this particular technique can be successfully used in refrigeration, air-conditioning and heat pump systems, suggesting the hybridization of ANN with other expert systems and using them to develop simplified correlations for predicting optimized performance.
Bellos and Tzivanidis [31] using multi-objective optimization aimed to improve the performance of a heat pump-based cogeneration system in terms of both the maximum heat and net electricity production using seven different refrigerants. They obtained that for the setup proposed the best two refrigerants were R32 followed by the R1234yf with 4.331 kW and 0.537 kW of heat and electricity production respectively. With the R404A being the fluid with the maximum heat production and the R245fa with the maximum electricity production.
Khorasaninejad and Hajabdollahi [32] implemented a multi-objective optimization based on a particle swarm algorithm alongside a thermoeconomic assessment to improve the performance of a solar-assisted heat pump using the COP and the total annual cost, TAC and five different working fluids. The results showed that the R245fa presents a reduction of TAC of 15.22%, 21.18%, 22.31% and 44.66% as well as an increase of COP of 26.77%, 30.92%, 34.31% and 48.12% compared to the R134a, R123, R22, and R407C, respectively. Additionally, they found that the R245fa refrigerant requires the lowest storage capacity, condenser subcooling, evaporator superheating, fuel consumption and operational as well as environmental costs, compared with the remaining refrigerants. Lee et al. [33] implemented a genetic algorithm to optimize both the seasonal COP and EER of a heat pump system, based on the compressor frequency as well as both indoor and outdoor airflow rate. The optimization of the three operating parameters yielded increases of 7% and 21.4% for COP and EER respectively. Moreover, the optimum compressor volume was obtained which increased COP in 3.8% and EER in 1.1%. Similarly, Starke et al. [34] also implemented a genetic algorithm to optimize the performance of the heat pump when operating in five different cities and based on the annualized life cycle cost, ALCC, and the thermal comfort level, assessing the high trade-off between a specific level of comfort and the cost it would entail. The results show that the ALCC ranges between 500 and 3000 US$ with comfort levels ranging between 10% and 80% depending on the location.
Aim of the Investigation
The present work is carried out within the framework of the National Development Plan; a joint effort between the IEA and the Mexican government to move away from fossil fuels and at the same time, lay the foundation for a transition to a more sustainable energy consumption model. This initiative established a goal of gradually increasing the generation of energy through renewable sources up to 35% by 2024, which is equivalent to an annual increase of 3% [35] [36] [37] [38] . The application is based on an average household energy consumption rate, in the metropolitan area of Mexico City in Central Mexico. The assessment makes use of the corresponding atmospheric data [39] . The household requires a volume of water of 300 L at an outlet temperature of 51 • C. More details about the case study are given in Section 3.
In this study, a direct-expansion solar-assisted heat pump is used as a mean to fulfil the demand of domestic water heating, DWH, and whether the demand is met or not is determined based on different operation conditions. The overall analysis of the energy exchange rate of the system is presented, considering various scenarios regarding configuration, i.e., number of solar collectors, working fluid, and both geographic as well as temporal references. The feasibility of installation, performance evaluation and subsequent optimization are then carried out in terms of a new relative efficiency previously introduced, known as Thermal Capacity, τ C , [40, 41] which was developed to assess both the efficiency and overall effectiveness of the system based on a supply-and-demand criterion. This performance metric complements the already existing ones, particularly COP, and helps determine if not only the HP system fulfils the thermal demand, but also the degree at which said demand is met. This paper discusses the performance assessment and optimization, but focuses mainly on introducing new modelling/evaluation criteria, based on the thermal capacity and the consequent statistical analysis of the optimization variables, to determine the effect the aforementioned factors exert upon the energy transfer capabilities of the heat pump system as a whole. Therefore, the goal is to propose this methodology as a mean to evaluate different HP-based systems, illustrating the impact the thermal capacity has when conducting these types of assessments; the information it provides regarding the design and dimensioning and thus proposing it as a starting point for the implementation of any optimization technique.
The presented operation scenarios include, working with four, six and eight flat-plate solar collectors, during one to six hours and using R134a, R404A, R407C and R410A as working fluids. These conditions are evaluated throughout a year and the changes regarding the atmospheric conditions are accounted for, based on published historical data; testing the energy exchange rate of the system with different magnitudes of ambient temperature, wind speed, relative humidity and normal beam radiation.
In this research a genetic algorithm, GA, a well-known and largely employed optimization technique is proposed as a mean to obtain the best configuration available based on the weather, design and operation conditions. Furthermore, a thorough post-processing stage based on statistical inference and probability density estimation complements the analysis and is used to identify the tendencies and quantify the effect of the optimization variables, thus illustrating the possible improvements in order to increase performance. This paper is structured as follows: In Section 2, the layout of the thermal modelling is described and the new relative efficiency is introduced, as well as the system specifications including the dimensions and configuration of the devices that comprise the proposed DXSAHP setup. The case study is presented in Section 3 where the operation conditions are described based on the desired properties of the product as well as the atmospheric, geographic and temporal parameters of the region. The analysis of the feasibility study, the performance assessment and the consequent optimization are discussed in Section 4. Finally, this paper concludes in Section 5 with a brief summary of the findings and perspective for future work.
System Modelling and Description
The research reported in this paper employs a model developed for this particular application, as well as an alternative evaluation criteria based on a new relative efficiency, both previously published by De León and Carvajal [40, 41] , where fully detailed explanations are provided.
Thermal Modelling
The thermal modelling of the system is based on the solution of an algorithm programmed using Engineering Equation Solver, EES, to determine the thermophysical properties of the fluids and materials as well as the thermodynamic state properties of the refrigerant based on the processes of the heat pump cycle.
Equations (1)-(9) model the radiation and convection heat transfer mechanisms, relating the environmental variables with the total thermal energy absorbed by the collectors-evaporators [42] [43] [44] [45] [46] [47] [48] [49] :
Nu n,sup = 1 + 1.44
Nu n,in f = 0.56(GrPr cos(β)) 1 4
.
Then the vapour compression cycle is modelled through a first law of thermodynamics approach, Equations (10)-(12) quantifying the thermal energy that the refrigerant is able to transfer [50, 51] : 
Afterwards, the energy demanded by the water contained in the TSU is quantified, Equations (13)- (15) :
The proposed model determines the feasibility of installation of a heat pump-based system, as well as provides relevant data regarding the operation and performance of such system, employing 34 input variables. These variables, considering their nature, can be grouped into 3 particular sets that describe specific characteristics of the DXSAHP system and are structured as follows:
• System specifications. Presented in Table 1 From these variables, the model proposed determines the dimensionless numbers, the convection heat transfer coefficients, the solar angles, the diffuse and the total solar radiation on a tilted surface as well as the thermophysical properties of the working fluid and as a result, six main output variables are obtained: These variables quantify the energy exchange and describe the performance of the DXSAHP in relation to both the surroundings as well as the volume of product to be heated based on the application for which the HP system was designed. A thorough description of the solution logic of the algorithm, as well as its validation is presented in a previously published research [40] .
Thermal Capacity as Relative Efficiency
Furthermore, the study presented in this paper revolves around a concept known as thermal capacity, Equation (16), a relative efficiency which measures the capacity the heat pump has to increase the temperature of a determined quantity of substance, up to a desired outlet condition as a function of the condensation heat flow, . Q C , and the heating load, . q T [41] :
The newly proposed relative efficiency has proven to be useful to evaluate any heat pump system despite its configuration or application, as well as being complementary to the existing performance metrics, i.e., coefficient of performance and energy factor, contributing to a more comprehensive understanding of the operation and design of these systems. This contribution presents itself as an inherent reference point, setting a limit for the minimum heat supply needed to achieve and maintain the desired outlet condition, based on the total thermal load demanded by the volume of product.
As seen in Equation (1) a condition of τ C ≥ 1 is always desired, ensuring that the HP transfers enough or more energy to the product than the required to reach the desired outlet condition. This standard imposes an operation scheme under which the system must always work, not only determining if the demand is fulfilled, but also measuring the quality of the performance to a degree where structural and operational changes can be made. A meticulous explanation and comprehensive evaluation regarding the application of this relative efficiency are both provided by De León and Carvajal [41] .
Due to the conditional nature of the thermal capacity, in the work presented in this paper, this parameter is considered a starting point for the complete analysis conducted, since it secured an adequate performance without constraining the coefficient of performance, thus, obtaining solutions with the maximum COP available for that particular operation condition.
System Description
The proposed DXSAHP setup is shown in Figure 1 . Heat from both sun and atmosphere is absorbed through radiation and convection mechanisms respectively by the heat collection field subsystem, which consists of four to eight parallel bare flat-plate solar collectors-evaporators. The heat is then transported to the condenser by the refrigerant circulating through the heat pump cycle, which has as its main components a reciprocating hermetic compressor and an expansion device, in addition to both heat exchangers. The proposed DXSAHP setup is shown in Figure 1 . Heat from both sun and atmosphere is absorbed through radiation and convection mechanisms respectively by the heat collection field subsystem, which consists of four to eight parallel bare flat-plate solar collectors-evaporators. The heat is then transported to the condenser by the refrigerant circulating through the heat pump cycle, which has as its main components a reciprocating hermetic compressor and an expansion device, in addition to both heat exchangers. The refrigerant, which absorbs part of the heat that reaches the collectors-evaporators (process 4-1, Figure 1 ), changes its phase from liquid to superheated vapour before entering the compressor (process 1-2, Figure 1 ). Afterwards, it undergoes another phase change when the heat absorbed in the evaporator is yielded by the condenser to the cold water contained inside the thermal storage subsystem; subcooling the refrigerant (process 2-3, Figure 1 ). For this application, the thermal storage The refrigerant, which absorbs part of the heat that reaches the collectors-evaporators (process 4-1, Figure 1 ), changes its phase from liquid to superheated vapour before entering the compressor (process 1-2, Figure 1 ). Afterwards, it undergoes another phase change when the heat absorbed in the evaporator is yielded by the condenser to the cold water contained inside the thermal storage subsystem; subcooling the refrigerant (process 2-3, Figure 1 ). For this application, the thermal storage subsystem consists of an immersed coil heat exchanger installed inside an insulated tank that contains the water to be heated. The technical specifications of the system are listed in Table 1 .
Case Study
The case study proposed is based on the average household energy/utilities consumption, with a 47% of the total destined to DHW production. An average 300 L container is employed for water storage, an average inlet water temperature ranging from 10 • C to 15 • C and a desired outlet temperature of 51 • C are employed in the simulation and, given the average daily peak sun hours, the DXSAHP system operates from 1 to 6 h.
To analyze the impact of the environmental conditions, information obtained through the Atmospheric Monitoring System [39] is employed. A 10-year period database was used to report the four parameters that describe the atmospheric conditions of Mexico City throughout the year (see Figure 2 ), where the average hourly measurements appear in yellow, while the daily mean is illustrated by a blue line.
The figure describes atmospheric conditions corresponding to a sub-humid climate where the average air temperature is higher during spring and lower during winter with averages of 20.11 • C and 16.09 • C respectively. In the same way, it is observed that the wind speed is relatively constant during spring and summer, while in autumn and winter there are increases that contribute to dissipating heat from the surface of the earth, which in turn leads to low ambient temperatures. Additionally, the average normal beam radiation is relatively higher than other geographic regions with an annual average of 2 kW/m 2 . Finally, it is worth mentioning that the relative humidity increases during summer, reaching 70%, which corresponds to the rain season, causing the relatively low ambient temperatures and low solar radiation reported during this same period. In addition, the geographic characteristics of Mexico City are presented in Table 2 based on the information provided by the National Institute of Statistics and Geography through the National Geodesic Network [52] . Finally, for simulation purposes, this study evaluates the performance of the direct-expansion solar-assisted heat pump system throughout the year, divided into four seasons, whose corresponding data is shown in Table 3 . 
Results and Discussion
Once the input variables have been defined, the model is used to simulate the performance of the heat pump to corroborate the feasibility of its installation and operation in Mexico City, with the aim of heating 300 litres of water at an outlet temperature of 51 °C. Therefore, the performance of the thermal machine is evaluated in terms of the work time, ∆ , the number of collectors-evaporators, , and the working fluid, as functions of the thermal capacity, the COP and the resulting energy exchange of the heat pump system. 
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Once the input variables have been defined, the model is used to simulate the performance of the heat pump to corroborate the feasibility of its installation and operation in Mexico City, with the aim of heating 300 L of water at an outlet temperature of 51 • C. Therefore, the performance of the thermal machine is evaluated in terms of the work time, ∆t, the number of collectors-evaporators, N Evap , and the working fluid, as functions of the thermal capacity, the COP and the resulting energy exchange of the heat pump system.
Thermal Capacity
As stated in Section 2, the thermal capacity, τ C , Equation (1), establishes the relationship between the capacity that the heat pump has to transfer energy to a determined volume of product and the Energies 2019, 12, 3883 11 of 38 minimum energy demanded by said volume to reach and maintain the desired output conditions. A minimum thermal capacity τ C = 1 is desired since it ensures that the heat pump will maintain a satisfactory performance during the determined period of time and under any circumstance or operation scheme, since it indicates that the magnitude of the heat flow absorbed from the environment is greater than that required by the volume of water.
One of the purposes of this model is to establish guidelines concerning the design of applied heat pump cycles, therefore this parameter is considered conditional, since it allows the user, designer or operator, to evaluate the theoretical performance of the heat pump based on the geographic and atmospheric conditions under which the DXSAHP is operating. Based on this, a feasibility study is carried out and the corresponding results are illustrated in A first observation is that the R134a working fluid presents a global thermal capacity τ C = 1.55 and when used as a reference, the R410A refrigerant is the fluid that provides the heat pump with the highest thermal capacity, followed by the R407C, R404A, with average increases equivalent to 21.7%, 10.4% and 4.6% respectively. It is also seen that spring season presents the best weather conditions, providing the DXSAHP with a seasonal average thermal capacity of 1.73, followed by summer with 1.52, autumn with 1.47 and finally winter with 1.25. This minimal variation indicates that Mexico City has relatively advantageous atmospheric conditions allowing the installation of a heat pump with such characteristics.
Furthermore, for the R134a refrigerant, a minimum worktime of 2.5 h is required when using It can be seen that, for all cases, a minimum worktime equivalent to 4-4.5 h is necessary for the heat pump to reach the desired outlet hot water temperature, while maintaining an acceptable performance.
Moreover, Figure 7 is presented. This illustrates the effect that atmospheric conditions and the number of panels have on the refrigerant performance. The performance of the DXSAHP using 4, 6 and 8 collectors-evaporators is shown and it is observed that during spring the highest thermal capacity is obtained, while in summer, contrary to what was predicted, and because of the rain season, the performance of the heat pump is diminished. This effect can be mitigated through an increase in the total heat transfer area. Moreover, during autumn and winter, due to atmospheric conditions, the thermal capacity is also reduced; however, because of the warm climate and advantageous atmospheric conditions that prevail in the region, even during these seasons, it is possible to operate the DXSAHP as a water heating system. To complement this, Table 4 presents the difference between working fluids in terms of the average annual thermal capacity when operating during 4 h. Moreover, Figure 7 is presented. This illustrates the effect that atmospheric conditions and the number of panels have on the refrigerant performance. The performance of the DXSAHP using 4, 6 and 8 collectors-evaporators is shown and it is observed that during spring the highest thermal capacity is obtained, while in summer, contrary to what was predicted, and because of the rain season, the performance of the heat pump is diminished. This effect can be mitigated through an increase in the total heat transfer area. Moreover, during autumn and winter, due to atmospheric conditions, the thermal capacity is also reduced; however, because of the warm climate and advantageous atmospheric conditions that prevail in the region, even during these seasons, it is possible to operate the DXSAHP as a water heating system. To complement this, Table 4 presents the difference between working fluids in terms of the average annual thermal capacity when operating during 4 hours. This variation between refrigerants is relatively small when operating with the upper and lower limits of the heat transfer area, eight and four panels respectively, due to an increment in the effect of the convective phenomenon when the solar collection area is also increased. This increase does intensify the heat absorption of the collectors; nonetheless, this transfer is limited by the heat capacity of the refrigerant. Diversely, when reducing the heat transfer area, the solar radiation incident on the collectors is considerably decreased and, despite the refrigerant heat capacity, total heat absorption This variation between refrigerants is relatively small when operating with the upper and lower limits of the heat transfer area, eight and four panels respectively, due to an increment in the effect of the convective phenomenon when the solar collection area is also increased. This increase does intensify the heat absorption of the collectors; nonetheless, this transfer is limited by the heat capacity of the refrigerant. Diversely, when reducing the heat transfer area, the solar radiation incident on the collectors is considerably decreased and, despite the refrigerant heat capacity, total heat absorption is lessened. This balance implies that, in terms of design, the selection of the working fluid is related to the magnitude of the solar collection area.
Figures 8-10 illustrate some specific features of an intrinsic advantage of the thermal capacity. In addition to quantifying the magnitude of the performance of the heat pump in terms of a relative efficiency, the density distribution of the thermal capacity also provides categorical data based on the percentage of samples reaching, or not, the desired output conditions under a given operation scheme. These figures highlight that, for all the heat transfer areas studied, the data reported during winter and summer are concentrated in a certain region, while in spring and autumn, a wider dispersion of the same data is observed, due to slightly higher variations of the atmospheric conditions.
In addition, it is seen that throughout the year, the heat pump maintains a relatively high condensation heat flow, . Q C , within a range of 4 to 8 kW, which implies that the atmospheric conditions of Mexico City are particularly advantageous. On the other hand, the thermal load required, . q T , varies between seasons, within a 2.5-3.5 kW range, where the lower bounds are obtained during spring and summer.
heat pump are severely diminished. An example of this trend occurs during summer, when, despite a high ambient temperature, normal beam radiations are low due to the rain season, therefore, the thermal capacity, , is reduced, which again denotes the benefits provided by solar radiation to the performance of this heat pump setup. Nonetheless, it is convenient to carry out simulations in regions with more extreme weathers, to evaluate the effect that these variations and its combinations may have on the overall operation of the heat pump. The latter corroborates that the highest and lowest thermal capacity, τ C , occurs during spring and winter respectively, given that it is when atmospheric conditions exert a greater effect on the thermal load required, . q T . This behavior indicates that, for this particular study, relatively neutral atmospheric conditions are preferable; otherwise, the heat absorption and transfer capabilities of the heat pump are severely diminished. An example of this trend occurs during summer, when, despite a high ambient temperature, normal beam radiations are low due to the rain season, therefore, the thermal capacity, τ C , is reduced, which again denotes the benefits provided by solar radiation to the performance of this heat pump setup. Nonetheless, it is convenient to carry out simulations in regions with more extreme weathers, to evaluate the effect that these variations and its combinations may have on the overall operation of the heat pump.
In terms of the heat transfer area, during 4 h of operation, Figure 8 shows that with eight collectors-evaporators, refrigerants R134a and R404A meet the thermal demand 99.8% of the year, equivalent to 364 days, while the remaining day, where the thermal demand was not met, taking place in summer. Meanwhile, the R407C and R410A refrigerants comply with 100% of the tests.
From Figure 9 , when employing six panels, R134a complies with 96.7% of the tests, with 12 days below the minimum and 41% of the incidents occurring during summer, which is again the season with the highest number of days below the demand requirements. R404A fulfil requirements 99.8% of the year, with a winter day not satisfying the thermal demand, while fluids R407C and R410A once again met the thermal load required for all tests.
Finally, Figure 10 shows the evaluation for four evaporation plates showing that R134a complies for 83% of the tests, with 62 days of energy demand non-compliance, among which 40% occur during summer. R404A complies for 94.5% of the days and 45% of the 20 remaining days during fall. R407C obtains a 97.8% performance level, with eight unsatisfactory days remaining (two in winter, three in autumn and three in summer). Finally, R410A has 100% of tests satisfying the thermal demand during the year.
Heating Demand
From the information obtained in the previous section, it is possible to reduce the volume of product to be heated, in order to increase the thermal capacity of the DXSAHP and Figure 11 is obtained. 
Energy Exchange and Coefficient of Performance
In order to evaluate the performance of different refrigerants as a function of the thermodynamic cycle, Figures 12 and 13 present the magnitude of the power required by the compressor, ˙, and the condensation heat flow, ˙, respectively. In Figure 12 a first observation is that the compression power input, ˙, is higher when using R410A as a working fluid, equivalent to 1.06 kW. This represents an increase equal to 2.65 times the work required by R134a, followed by the R404A, 1.8 times higher, and finally the R407C with an increase of compression work, 1.6 times more than the R134a. Additionally, the season does not affect considerably the magnitude of the required power, with an average difference between them that ranges between 2% and 4.5%. It is seen that the energy demand is directly proportional to the water load contained in the thermal storage unit and inversely proportional to the work time. In particular, when heating 300 L of water, there is an average required thermal load, . q T , equal to 4.77 kW, while for 200 L it is equivalent to 3.20 kW and for 100 L, it corresponds to an average energy demand of 1.62 kW.
Furthermore, it is seen that the highest thermal load is generated during the first hour of work and, as time passes, due to the energy contribution of the DXSAHP, this demand is reduced by 50% towards the second hour, 32% for the third, 24% for the fourth, 19% for the fifth and 16% for the sixth. Finally, the variation of the thermal load, fluctuates as a function of the season; being slightly higher in autumn and winter due to the relatively low cold water inlet temperature, with overall seasonal averages of 2.05 and 2.06 kW respectively, while overall average values of 1.93 kW and 1.84 kW are observed during summer and spring. These magnitudes reveal that even though, the atmospheric conditions, corresponding to each of the seasons, do cause a variation in the heating demand, this variation is relatively minimal, thus making Mexico City a particularly advantageous location for the installation and operation of these appliances; given a steady and low-moderate thermal demand, suitable for this HP configuration.
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In order to evaluate the performance of different refrigerants as a function of the thermodynamic cycle, Figures 12 and 13 present the magnitude of the power required by the compressor, ˙, and the condensation heat flow, ˙, respectively. In Figure 12 a first observation is that the compression power input, ˙, is higher when using R410A as a working fluid, equivalent to 1.06 kW. This represents an increase equal to 2.65 times the work required by R134a, followed by the R404A, 1.8 times higher, and finally the R407C with an increase of compression work, 1.6 times more than the R134a. Additionally, the season does not affect considerably the magnitude of the required power, with an average difference between them that ranges between 2% and 4.5%. Figure 13 shows that the highest condensation heat flow ˙ is obtained when employing the combination of 8 flat-plate solar collectors and R410A refrigerant, reaching an annual average equal to 6.31 kW, followed by R407C with 5.72 kW, R404A with 5.42 kW and finally the R134a with 5.18 kW.
Decrements of 1 and 1.35 kW are obtained when using six and four evaporation plates, respectively. These magnitudes reveal that this particular setup yields a heat rate between 1.8 and 1.5 refrigeration tons, RT, depending on the working fluid employed. Furthermore, during spring, the maximum global heat flow is achieved, with an average of 5.41 kW, followed by summer with a decrease of 7%, autumn 5% lower and winter with a 10% decrease.
From the energy exchange, it is possible to determine the coefficient of performance of the heat pump cycle, in order to select the working fluid that delivers the best overall performance of the DXSAHP. Figure 14 is the product of this evaluation and, regardless of the magnitude of the condensation heat flow, refrigerant R134a has the highest average coefficient of performance, COP ̅̅̅̅̅̅ , when using eight, six and four evaporation panels due to lower compression power input requirements, the COP ̅̅̅̅̅̅ values obtained are 12.90, 10.39 and 7.89, respectively. On the other hand, because it requires approximately 2.5 times more compression work, the R410A COP ̅̅̅̅̅̅ is reduced to 5.92 with eight collectors, 4.97 with six plates and 4.09 when using only four. Moreover, refrigerants R404A and R407C deliver a relatively similar performance; the latter generating a COP ̅̅̅̅̅̅ slightly higher with 8.69, 7.16 and 5.63, compared to 7.53, 6.13 and 4.73 for R404A.
Finally, the computed average COP ̅̅̅̅̅̅ of the DXSAHP for all refrigerants and all areas of solar In Figure 12 a first observation is that the compression power input, . W C , is higher when using R410A as a working fluid, equivalent to 1.06 kW. This represents an increase equal to 2.65 times the work required by R134a, followed by the R404A, 1.8 times higher, and finally the R407C with an increase of compression work, 1.6 times more than the R134a. Additionally, the season does not affect considerably the magnitude of the required power, with an average difference between them that ranges between 2% and 4.5%. Figure 13 shows that the highest condensation heat flow . Q C is obtained when employing the combination of 8 flat-plate solar collectors and R410A refrigerant, reaching an annual average equal to 6.31 kW, followed by R407C with 5.72 kW, R404A with 5.42 kW and finally the R134a with 5.18 kW.
From the energy exchange, it is possible to determine the coefficient of performance of the heat pump cycle, in order to select the working fluid that delivers the best overall performance of the DXSAHP. Figure 14 is the product of this evaluation and, regardless of the magnitude of the condensation heat flow, refrigerant R134a has the highest average coefficient of performance, COP, when using eight, six and four evaporation panels due to lower compression power input requirements, the COP values obtained are 12.90, 10.39 and 7.89, respectively. On the other hand, because it requires approximately 2.5 times more compression work, the R410A COP is reduced to 5.92 with eight collectors, 4.97 with six plates and 4.09 when using only four. Moreover, refrigerants R404A and R407C deliver a relatively similar performance; the latter generating a COP slightly higher with 8.69, 7.16 and 5.63, compared to 7.53, 6.13 and 4.73 for R404A. 
DXSAHP as a Function of the Relative Efficiencies
Finally, in order to select the refrigerant and the number of collectors-evaporators suitable to obtain the desired output conditions, while maintaining an acceptable performance, it is necessary to evaluate the existent connection between the coefficient of performance, , and the thermal capacity of the heat pump, .
With this objective in mind, an inferential statistical analysis is employed, particularly an interpolation method known as estimation of the probability density function, PDE, to deduce the underlying properties of the population, in order to identify the concentration areas of the datasets [53] [54] [55] [56] [57] .
As a result of the implementation of this statistical method, Figures 15-17 show the tendency of the relative efficiencies of the system in terms of the probability function, where the zone of maximum concentration is highlighted as well as the samples considered as outliers or isolated events.
The purpose of these figures is to combine the information provided by both relative efficiencies in order to provide guidelines for the design of a device able to achieve a suitable performance based on both the atmospheric and operation conditions. Based on a qualitative analysis of these figures, R134a proves to be the refrigerant that has a more dispersed dataset, while the rest remain relatively concentrated in a specific region, indicating that R134a is a working fluid considerably more susceptible to changes in both atmospheric conditions and design parameters, exerting a significant effect on the performance of the heat pump.
Furthermore, for all refrigerants, this dispersion increases when employing a larger heat transfer Finally, the computed average COP of the DXSAHP for all refrigerants and all areas of solar collection is 4, with increases of 23% in spring, 14% in summer, 15% in autumn and 17% in winter.
Finally, in order to select the refrigerant and the number of collectors-evaporators suitable to obtain the desired output conditions, while maintaining an acceptable performance, it is necessary to evaluate the existent connection between the coefficient of performance, COP, and the thermal capacity of the heat pump, τ C .
As a result of the implementation of this statistical method, Figures 15-17 show the tendency of the relative efficiencies of the system in terms of the probability function, where the zone of maximum concentration is highlighted as well as the samples considered as outliers or isolated events. working fluids, R404A and R407C, show more consistent patterns, with moderate fluctuations compared to the other refrigerants and with similar behaviours between them, both maintaining acceptable levels and a relatively high , with the latter delivering a slightly better performance. compared to the other refrigerants and with similar behaviours between them, both maintaining acceptable levels and a relatively high , with the latter delivering a slightly better performance. For this specific study, given the advantageous weather conditions that prevail in Mexico City, acceptable levels are reached for all refrigerants and all solar collection areas [58] as seen in Table 5 . Nonetheless, it was found that ultimately, the design of the DXSAHP system, particularly the refrigerant selection, was rather influenced by the number of collectors, through external factors such as space availability and/or installation costs. With 8 collectors, all working fluids perform above the limits imposed by the thermal capacity. However, R134a is the one that provides the heat pump with the highest , nonetheless, when 4 collectors are installed, R410A becomes the most viable choice, forgoing a relatively higher in favor of reduced installation costs. 
Optimization Implementation
The study now focuses on those particular configurations characterized by an optimal thermal capacity,
Recalling that, represents the relationship between the capacity of the heat pump to transfer energy to a determined volume and the energy demand required to reach and maintain the desired output conditions, see Equation (16), a thermal capacity = 1 is desired, since this value means an optimal balance between energy requirements and utilization.
Therefore, the design and operation parameters must be tuned in such way that the corresponding thermal capacity is equal to 1. The previous statement may be re-formulated as an optimization problem consisting in determining the operation conditions that minimize the quadratic difference 2 = ( − 1) 2 . Obviously, 2 = 0 implies = 1. In this framework, the design and The purpose of these figures is to combine the information provided by both relative efficiencies in order to provide guidelines for the design of a device able to achieve a suitable performance based on both the atmospheric and operation conditions.
Based on a qualitative analysis of these figures, R134a proves to be the refrigerant that has a more dispersed dataset, while the rest remain relatively concentrated in a specific region, indicating that R134a is a working fluid considerably more susceptible to changes in both atmospheric conditions and design parameters, exerting a significant effect on the performance of the heat pump.
Furthermore, for all refrigerants, this dispersion increases when employing a larger heat transfer area, due to an increase in the magnitudes of the energy exchanges, . Q E , . Q C , and . W C , of the heat pump, which expands the ranges of both the thermal capacity and the performance coefficient.
In the same figures, it can observed that the R134a working fluid is the refrigerant that provides the DXSAHP with the highest COP, but also with the lowest thermal capacity, contrary to R410A, which presents an opposite behaviour due to its heat transfer properties. Meanwhile, the remaining working fluids, R404A and R407C, show more consistent patterns, with moderate fluctuations compared to the other refrigerants and with similar behaviours between them, both maintaining acceptable τ C levels and a relatively high COP, with the latter delivering a slightly better performance.
For this specific study, given the advantageous weather conditions that prevail in Mexico City, acceptable COP levels are reached for all refrigerants and all solar collection areas [58] as seen in Table 5 . Nonetheless, it was found that ultimately, the design of the DXSAHP system, particularly the refrigerant selection, was rather influenced by the number of collectors, through external factors such as space availability and/or installation costs. With 8 collectors, all working fluids perform above the limits imposed by the thermal capacity. However, R134a is the one that provides the heat pump with the highest COP, nonetheless, when 4 collectors are installed, R410A becomes the most viable choice, forgoing a relatively higher COP in favor of reduced installation costs. 
The study now focuses on those particular configurations characterized by an optimal thermal capacity, τ C Recalling that, τ C represents the relationship between the capacity of the heat pump to transfer energy to a determined volume and the energy demand required to reach and maintain the desired output conditions, see Equation (16), a thermal capacity τ C = 1 is desired, since this value means an optimal balance between energy requirements and utilization.
Therefore, the design and operation parameters must be tuned in such way that the corresponding thermal capacity is equal to 1. The previous statement may be re-formulated as an optimization problem consisting in determining the operation conditions that minimize the quadratic difference O 2 = (τ C − 1) 2 . Obviously, O 2 = 0 implies τ C = 1. In this framework, the design and operation parameters represent the decision variables and include the working fluid choice, the worktime and the number of collectors to be installed, i.e. the heat transfer area. In order to manipulate only numerical variables, the working fluid was considered as a parameter and actually four different optimization problems were solved, one for each of the refrigerants. The resulting optimization problem can be formulated as in Equation (17), for each working fluid:
Although the problem described in Equation (2) is expressed as an unconstrained optimization problem, it should be recalled that the constraints are implicitly embedded in the simulator developed in EES. Consequently, there is no mathematical model at hand that could potentially be solved by an exact solution algorithm. Thus, the use of a metaheuristic optimization method looks rather adapted for solving this problem, due to their trial-and-error based working mode that does not need any favourable characteristics of the objective function and constraints (mainly, continuity, derivability, convexity). On the other hand, it must be mentioned that metaheuristics can ensure neither the optimality nor even sub-optimality, making it impossible to evaluate the final quality of the solutions found. This is why the use of this kind of techniques typically involves repeatability studies requiring several executions of the solution algorithm.
In this study, the used simulator, EES, has embedded a specific implementation of a Genetic Algorithm (GA) [59] which was employed to conduct the optimization; the consequent post-processing of the data was carried out using MATLAB.
Genetic Algorithms are a well-known optimization technique that belongs to the Evolutionary Algorithms class, whose main feature is a population of solutions maintained and evolved during a certain number of generations (iterations of the algorithm) [60] [61] [62] .
Designed as an imitation of the evolutionary processes observed in nature, variation operators based on both inheritance and stochastic concepts are applied to produce new individuals, or solutions to the considered optimization problem. The offspring pool is evaluated in order to assign a fitness that generally represents the quality of the solution in terms of the objective function (for a minimization problem, a high fitness means a low objective function). Then, "natural" selection, also implemented in a probabilistic manner for both parent and survivor selection, is a tool that directs the search towards promising regions of the decision space, with high fitness values. The evolutionary process is iterated for a defined number of generations, during which the frequency of "good genes", i.e. those that allow reaching low objective values, increases among the population, leading to a final set of "adapted" individuals.
The particular implementation used here [59] employs canonical operators such as binary encoding, proportional selection, k-point crossover and bit swap mutation. The operation parameters of the GA are shown in Table 6 . Table 6 . Working parameters of the genetic algorithm.
No. of Individuals 128
No. of generations 2048 Mutation rate 0.35
The GA is then applied to obtain the combination of factors that provides the best possible performance, according to the atmospheric and geographical conditions that prevail in Mexico City. The computational experiments were carried out on a workstation with 24 cores and 64 GB RAM and 3.1 GHz processor. In these conditions, one execution lasts about 6 h so that 10 runs were performed for each working fluid, in order to evaluate the repeatability of the stochastic optimization technique for identifying consistent results.
The computational results show that the GA, depending on the working fluid considered, proposes different solutions. For each refrigerant, the GA proves a great robustness and consistently determines, for all 10 runs, similar solutions, where the yielded objective function, O 2 , lies within 10 −9 and 10 −20 for all cases. This allows to say that the thermal capacity is almost equal to the optimal value τ C = 1.
The four solutions found are thoroughly studied in order to identify any underlying features of the data obtained by the simulation of the DXSAHP, as functions of the optimized operation as well as the design factors.
First, Figures 18 and 19 illustrate the values of the decision variables, i.e., the work time, ∆t, and the heat transfer area, A Evap , found by the optimizer throughout the year. In order to evaluate properly the results obtained, a statistical analysis is conducted and presented as follows. Regarding the optimized heat transfer area, similar results are observed for all the datasets, despite the changing the working fluid. The average number of collectors required ranges from 5.61 to 5.74, equivalent to a heat transfer area of, approximately, 1.40 m 2 . For all the cases studied, the required number of collectors lies within the 4 to 7 range. The fact that this variable is not significantly affected by the working fluid can be attributed to the heat absorption of the DXSAHP system, which relies relatively more on the properties of the refrigerant than on the magnitude of the heat transfer area.
In order to confirm the previous observations, an analysis of variances, ANOVA, is performed to evaluate the impact of the working fluid on the operation and design, i.e., work time and plate number, respectively. Table 8 presents the results of evaluating the null hypothesis of similar inter-group means. Since, p < 0.05 for the worktime, the null hypothesis is always rejected, meaning that there are significant differences between the samples. Nonetheless, regarding the number of collectors, for which p > 0.05, the datasets do present similar mean values, within a 5% confidence level. Therefore, it can be inferred that the working fluid exerts a more significant effect on the work time of the heat pump than over the number of collectors. Figure 20 shows the relative frequency of the samples observed after the optimization, corroborating clearly different distributions for both decision variables. The worktime, ∆t, based on the refrigerant, displays an evident reduction. Diversely, it is seen that there are no significant changes in the number of evaporation plates: where the R134a presents a slight trend to use only 4 collectors, the R404A to use 5, and refrigerants R407C and R410A to use between 5.5 to 6 plates. differences between the samples. Nonetheless, regarding the number of collectors, for which > 0.05, the datasets do present similar mean values, within a 5% confidence level. Therefore, it can be inferred that the working fluid exerts a more significant effect on the work time of the heat pump than over the number of collectors. Figure 20 shows the relative frequency of the samples observed after the optimization, corroborating clearly different distributions for both decision variables. The worktime, ∆ , based on the refrigerant, displays an evident reduction. Diversely, it is seen that there are no significant changes in the number of evaporation plates: where the R134a presents a slight trend to use only 4 collectors, the R404A to use 5, and refrigerants R407C and R410A to use between 5.5 to 6 plates. To complement this analysis, Figure 21 shows the PDE of the products obtained from the above optimization process, based on the statistics describing their behaviour.
Overall, the highest density, regarding the heat transfer area, maintains a range between 1.2 m 2 and 1.8 m 2 for all refrigerant fluids, confirmed by the similarity between the coefficients of variation. Meanwhile, the dataset corresponding to the optimized worktime is concentrated between 2 and 4 hours, with pronounced variations depending on working fluid. To complement this analysis, Figure 21 shows the PDE of the products obtained from the above optimization process, based on the statistics describing their behaviour. Figure 22 shows the condensation heat rate, ˙, of the DXSAHP system based on the results obtained through the optimization. It is seen that the R410A refrigerant has a higher heat transfer rate than the remaining refrigerants, with an annual average of 5.38 kW, and seasonal heat rate variations of 2%. This is followed by R407C with an average heat rate of 4.86 kW and a seasonal variation of 4%; R404A with an average 4.49 kW and a variation of 3% and, finally, R134a with an average annual heat rate of 4.3 kW and a seasonal variation of 4%. Overall, the highest density, regarding the heat transfer area, maintains a range between 1.2 m 2 and 1.8 m 2 for all refrigerant fluids, confirmed by the similarity between the coefficients of variation. Meanwhile, the dataset corresponding to the optimized worktime is concentrated between 2 and 4 h, with pronounced variations depending on working fluid.
Optimized Energy Exchange Rate
From this, it is corroborated that the refrigerant R134a is capable of operating with smaller heat transfer areas, 5.5 to 7 panels, at the expense of an increase in the work time range, between 2 and 4 h. Diversely, R410A presents less dispersion among the samples which translates to more defined operation conditions, where 6 and 7 evaporation units are to be employed and a reduction in the work time range ensues, equal to approximately 1.5 h.
Regarding the R404A and R407C refrigerants, they maintain similar trends; intermediate compared the remaining working fluids, being R407C the one that presents the lowest dispersion rate and less isolated occurrences, alongside a slight decrease of the work time. Figure 22 shows the condensation heat rate, . Q C , of the DXSAHP system based on the results obtained through the optimization. It is seen that the R410A refrigerant has a higher heat transfer rate than the remaining refrigerants, with an annual average of 5.38 kW, and seasonal heat rate variations of 2%. This is followed by R407C with an average heat rate of 4.86 kW and a seasonal variation of 4%; R404A with an average 4.49 kW and a variation of 3% and, finally, R134a with an average annual heat rate of 4.3 kW and a seasonal variation of 4%.
Similarly, Figure 23 illustrates the compression power input, . W C , highlighting that, for all refrigerants, this parameter remains relatively constant throughout the year, with seasonal variations between 1.5 and 2.5%. In addition, it is seen that R134a is the refrigerant that requires the lowest power input, with 0.40 kW, followed by R407C with 0.65 kW, R404A with 0.72 kW and R410A with 1.06 kW, equivalent to respective increments of 62%, 80% and 165% compared to the work required by the R134a working fluid. Figure 22 shows the condensation heat rate, ˙, of the DXSAHP system based on the results obtained through the optimization. It is seen that the R410A refrigerant has a higher heat transfer rate than the remaining refrigerants, with an annual average of 5.38 kW, and seasonal heat rate variations of 2%. This is followed by R407C with an average heat rate of 4.86 kW and a seasonal variation of 4%; R404A with an average 4.49 kW and a variation of 3% and, finally, R134a with an average annual heat rate of 4.3 kW and a seasonal variation of 4%. Similarly, Figure 23 illustrates the compression power input, ˙, highlighting that, for all refrigerants, this parameter remains relatively constant throughout the year, with seasonal variations between 1.5 and 2.5%. In addition, it is seen that R134a is the refrigerant that requires the lowest power input, with 0.40 kW, followed by R407C with 0.65 kW, R404A with 0.72 kW and R410A with 1.06 kW, equivalent to respective increments of 62%, 80% and 165% compared to the work required by the R134a working fluid.
Based on the presented variations, it is inferred that the implementation of the optimization reduces the fluctuations that occur throughout the year, with a decrease in the maximum seasonal variations of 6% for the heat rate ˙ and of 2% for the compression power input, ˙. The final design is thus more stable and provides a more consistent operation and performance levels.
In order to enhance the analysis, Figures 24 and 25 show the relative frequency of the energy exchange of the DXSAHP as a function of the optimized products.
In Figure 24 , refrigerants R134a and R410A tend to have, respectively, the lowest and highest compression work input required, as well as the lowest and highest condensation heat rates. Meanwhile, the remaining working fluids, R404A and R407C, provide the DXSAHP with a more moderate and consistent energy exchange, being the R407C refrigerant slightly better than the R404A, Based on the presented variations, it is inferred that the implementation of the optimization reduces the fluctuations that occur throughout the year, with a decrease in the maximum seasonal variations of 6% for the heat rate . Q C and of 2% for the compression power input, . W C . The final design is thus more stable and provides a more consistent operation and performance levels.
In order to enhance the analysis, Figures 24 and 25 show the relative frequency of the energy exchange of the DXSAHP as a function of the optimized products. 
Optimized Coefficient of Performance
From the information obtained in the previous section, it is possible to determine the COP in order to select the refrigerant that provides the DXSAHP with the highest performance available. 
From the information obtained in the previous section, it is possible to determine the COP in order to select the refrigerant that provides the DXSAHP with the highest performance available. In Figure 24 , refrigerants R134a and R410A tend to have, respectively, the lowest and highest compression work input required, as well as the lowest and highest condensation heat rates. Meanwhile, the remaining working fluids, R404A and R407C, provide the DXSAHP with a more moderate and consistent energy exchange, being the R407C refrigerant slightly better than the R404A, due to a lower compression work required and a higher heat transfer rate. Figure 25 corroborates all the information presented so far, where the performances of the refrigerants are evaluated as a function of the evaporation area and the work time. It is observed that Energies 2019, 12, 3883 29 of 38 the working fluid does not directly and significantly influence the magnitude of the evaporation area. However, it does have an impact on the work time, through the energy exchange, since R410A is able to yield a higher heat supply to the water, while reducing operation times, at the expense of an increase of the compression work input. Moreover, it is seen that the R134a can compensate the difference in heat flow, compared to the R410A, by increasing the evaporation area where, approximately, every 0.25 m 2 represents 1 kW more energy.
Furthermore, as stated before, R407C is slightly more effective than R404A, because it tends to provide more heat and require less work than the latter, which leads to a reduction in work time of just under an hour.
From the information obtained in the previous section, it is possible to determine the COP in order to select the refrigerant that provides the DXSAHP with the highest performance available.
In Figure 26 , it is seen that the R134a refrigerant is the one that presents the highest COP, since it requires the lowest compression power, reaching an annual average of 10.68, followed by R407C with 7.37, R404A with 6.23 and finally R410A with 5.05. These values represent decreases of 31%, 42% and 52%, respectively. In Figure 26 , it is seen that the R134a refrigerant is the one that presents the highest COP, since it requires the lowest compression power, reaching an annual average of 10.68, followed by R407C with 7.37, R404A with 6.23 and finally R410A with 5.05. These values represent decreases of 31%, 42% and 52%, respectively. In addition, as shown in Table 9 , R134a is the one that shows the widest range and the highest coefficient of variation, which indicates that this working fluid is the most susceptible to changes in atmospheric conditions and consequently to the energy exchange of the system. Alternatively, R410A provides a more consistent performance having a lower coefficient of variation, which results in a high degree of tolerance to climate fluctuations, due to its higher heat transfer capabilities. Meanwhile, the remaining refrigerants present intermediate characteristics, with R407C being slightly better. In addition, as shown in Table 9 , R134a is the one that shows the widest range and the highest coefficient of variation, which indicates that this working fluid is the most susceptible to changes in atmospheric conditions and consequently to the energy exchange of the system. Alternatively, R410A provides a more consistent performance having a lower coefficient of variation, which results in a high degree of tolerance to climate fluctuations, due to its higher heat transfer capabilities. Meanwhile, the remaining refrigerants present intermediate characteristics, with R407C being slightly better. From this information, Figure 27 is presented. It shows the relative frequency of the performance coefficient as a function of the different refrigerants. This figure shows the trend of each refrigerant and corroborates the aforementioned behaviour, based on both its magnitude range and the coefficient of variation. Finally, Figures 28 and 29 describe the performance trend of the DXSAHP system as a function of both, the optimized worktime and heat transfer area, by means of the estimation of the density of the probability function.
These figures highlight the fact that the R134a refrigerant exhibits the greatest dispersion of all datasets. However, this refrigerant delivers the highest COP and the longest work time of all the analysed data, with a range of 9 to 12, and 2.5 to 3.5 hours respectively, while the heat transfer area is concentrated between 1.2 and 1.8 m 2 , equivalent to a number of evaporation units ranging 5 to 7.5.
The R404A refrigerant has a worktime range of 2.5 to 3 hours and, compared to R134a, a reduction in both the ranges of the heat transfer area and of the COP, with magnitudes reaching between 1.4 to 1.6 m 2 and 5.5 to 8, respectively. This behaviour is relatively analogous for the R407C refrigerant, for which the concentration of data indicates a range in both heat transfer area and COP of 1.3 to 1.6 m 2 and 6 to 9 respectively, with the advantage that the work time is concentrated around 2.5 hours.
Finally, R410A exhibits the least dispersion of the refrigerants, with a 2.5 hours worktime and a range of heat transfer area from 1.4 to 1.6 m 2 . Meanwhile, COP levels range between 4 and 6, which represents a significant decrease compared to R134a equivalent to approximately 50% and 25% relative to both the R404A and R407C refrigerants, making it the coolant with the lowest performance Finally, Figures 28 and 29 describe the performance trend of the DXSAHP system as a function of both, the optimized worktime and heat transfer area, by means of the estimation of the density of the probability function.
These figures highlight the fact that the R134a refrigerant exhibits the greatest dispersion of all datasets. However, this refrigerant delivers the highest COP and the longest work time of all the analysed data, with a range of 9 to 12, and 2.5 to 3.5 h respectively, while the heat transfer area is concentrated between 1.2 and 1.8 m 2 , equivalent to a number of evaporation units ranging 5 to 7.5. 
Conclusions and Outlook
The analysis and optimization of a DXSAHP as a domestic heat water system was carried out using as a foundation the thermal capacity of the system, a 10-year database of the atmospheric conditions in Mexico City and a genetic algorithm as an optimization technique. Explicit design 
The analysis and optimization of a DXSAHP as a domestic heat water system was carried out using as a foundation the thermal capacity of the system, a 10-year database of the atmospheric conditions in Mexico City and a genetic algorithm as an optimization technique. Explicit design The R404A refrigerant has a worktime range of 2.5 to 3 h and, compared to R134a, a reduction in both the ranges of the heat transfer area and of the COP, with magnitudes reaching between 1.4 to 1.6 m 2 and 5.5 to 8, respectively.
This behaviour is relatively analogous for the R407C refrigerant, for which the concentration of data indicates a range in both heat transfer area and COP of 1.3 to 1.6 m 2 and 6 to 9 respectively, with the advantage that the work time is concentrated around 2.5 h.
Finally, R410A exhibits the least dispersion of the refrigerants, with a 2.5 h worktime and a range of heat transfer area from 1.4 to 1.6 m 2 . Meanwhile, COP levels range between 4 and 6, which represents a significant decrease compared to R134a equivalent to approximately 50% and 25% relative to both the R404A and R407C refrigerants, making it the coolant with the lowest performance of the studied samples.
From the presented analysis, and based on the literature review, it is concluded that regardless of the fluctuations in the COP for the different working fluids studied, all of them maintain levels higher than, or equal to, the average, generally exhibited by conventional heat pump cycles. This is due to both to the advantageous atmospheric conditions of Mexico City, as well as to the system design. In addition, this analysis provides guidelines for the appropriate selection of a working fluid. For this particular case, is R407C is deemed the most suitable, since; it shows a lower dispersion of the samples and provides the DXSAHP with a consistent and regular performance. This working fluid performs without the drastic reduction of the COP presented by R410A or the increase in heat transfer area, consequence of using R134a. Consequently, a worktime decrease equivalent to 1 hour, relative to both R134a and R404A is achieved, reducing the overall energy consumption of the system.
The analysis and optimization of a DXSAHP as a domestic heat water system was carried out using as a foundation the thermal capacity of the system, a 10-year database of the atmospheric conditions in Mexico City and a genetic algorithm as an optimization technique. Explicit design specifications are provided to conduct a simulation of the corresponding system behaviour and its subsequent optimization; the conclusions are presented as follows.
Based on the computed thermal capacity, the feasibility study conducted reflects that, depending on the working fluid selected, a minimum heat transfer area, A Evap from 1 to 2 m 2 and at least 3.5 to 5 h of worktime, ∆t, are required. Therefore, given the advantageous weather conditions that prevail in the region, i.e., high solar radiation, high ambient temperature, the potential installation and operation of DXSAHP-based water heating systems in Mexico City is concluded plausible.
Based on the obtained results it is concluded that the R410A refrigerant presents the highest heat transfer capabilities, yielding an average condensation heat rate of 6.31 kW, followed by the R407C with 5.72 kW, the R404A with 5.42 kW and the R134a with 5.18 kW. Conversely, the R134a refrigerant requires the lowest compression work input, 0.402 kW, 62% less than the R410A, which requires 1.06 kW, whilst the R404A and R407C fluids, present a more moderate energy consumption with 0.66 and 0.58 kW respectively.
Regarding the performance of the system, based on the overall energy exchange throughout the year, it is concluded that, despite changes on weather or design conditions, all refrigerants perform within or beyond the minimum expected performance range, with COP levels higher than 3.
Specifically, it is observed that R134a delivers the highest COP, ranging from 7 to 14, but tends to require the maximum heat transfer area available, between 7 and 8 evaporation panels, and at least 5 h of worktime. Diversely, the R410A refrigerant provides the DXSAHP with the lowest COP range; from 3.5 to 6.5, which is almost half of R134a, but in turn, is able to work with only 4 evaporation panels and to heat the product 20% faster, within a 3.5 to 4 h range. This feature results majorly convenient when indirect external factors, such as space availability and installation costs, may influence the overall design of the DXSAHP. Meanwhile, refrigerants R404A and R407C show particularly similar behaviours, with COP levels ranging from 4 to 8.5 and 5 to 10 respectively. Additionally, both are able to heat 300 L of water in 4 to 4.5 h with a minimum heat transfer area equivalent to 5 to 6 evaporators, all while yielding a more moderate response towards design and indirect external factors compared to the remaining refrigerants.
Therefore, based on the thermal behaviour of the working fluids, it is concluded that R134a should be employed when energy consumption is a priority, thermal demand is low to moderate and worktime is not an issue; R410A is recommended when space availability is limited and a lesser number of collectors are required. Meanwhile, the remaining R404A and R407C should be preferred when the aforementioned conditions are not constrains and a steadier operation scheme is needed.
Based on the thermal capacity analysis, it is seen that throughout the year, the heat pump maintains a relatively high condensation heat flow, . Q C , within a range of 4 to 8 kW, while the thermal load required, . q T , varies between seasons inside a 2.5 to 3.5 kW range, i.e., 1 refrigeration ton or lower, with the lower bounds corresponding to spring and summer seasons. Therefore, it is concluded that the atmospheric conditions of Mexico City are particularly advantageous. Given the high radiation and ambient temperature as well as the low-moderate thermal demand it is seen that the HP system is capable of yielding more than twice the heat required. This is corroborated with thermal capacity levels ranging from 0.9 to 2.5 depending on the working fluid and the number of evaporators installed.
This evaluation should be complemented with a probability density estimation, or any other statistical assessment tool, in order to properly identify the underlying features, i.e. trend, of the system behaviour and thus propose adequate setups.
Based on this statistical analysis, it is highlighted that the R134a shows a higher dispersion of the data, which results in a major number of outlier events throughout the year. Thus, concluding that R134a is the most susceptible working fluid to immediate external factors, such as weather and seasonal changes, while the remaining refrigerants present a more consistent behaviour due to their heat transfer capabilities.
Nonetheless, based on the aforementioned information, it is seen that the performance assessment alone does not categorically determines the best combination of parameters, given that the selection of the working fluid depends mostly on the operation conditions imposed by the end user. Hence, it is concluded that an optimization of the system is required in order to make an integral evaluation.
The optimization carried out in this paper employed a well-known technique, i.e., genetic algorithm, and identified those parameter configurations leading to thermal capacities approximately equal to 1, which allow an optimal use of the resources, whilst ensuring that the required output conditions are achieved.
From the data obtained through the optimization, it is seen that the overall performance of the HP improved, based on a reduction of the average worktime from a maximum of 5 to 3.5 h, as well as a reduction on the maximum heat transfer area required, from 8 to 6 evaporators.
After the optimization, the proposed working fluids exhibit the following improvements:
• R134a refrigerant presented a 30% reduction in the worktime, from 5 to 3.5 h, and an average 20% reduction in the average heat transfer area, which resulted in a COP range of 9 to 12. • R404A refrigerant reduced 12% the worktime and 2% the average heat transfer area achieving COP levels of 5.5 to 8. • R407C refrigerant decreased the worktime needed by 41% and the average heat transfer area by 4%, reaching COP levels of 6 to 9. • R410A refrigerant shortened the worktime 33% and minimized the average heat transfer area by 1%, presenting COP levels between 4 and 6.
From this, it is concluded that, using R407C as a working fluid results in the best performance available for the DXSAHP. The resulting heat transfer area is equivalent to 5.5 evaporation units, an average 31% reduction compared to the R134a, and a decrease of 1 to 1.5 h on the worktime needed to reach the desired output conditions. Moreover, R407C reaches an average COP of 7.5 that, even though is 40% lower than R134a, is still 30% and 20% higher than the R410A and R404A respectively. Furthermore, the implementation of the optimization yielded a convergence of data towards a single optimal operation point, therefore, is concluded that the evolutionary solution technique is adequate and efficient for the analysis of these systems, thus its popularity and common implementation. Additionally, it was found that this technique is flexible enough to work with design specifications that should be determined considering the fluctuations in the atmospheric conditions while operating.
Finally, in order to increase its effectiveness, as perspective for future work, more design and operation variables might be considered by the optimizer, such as the capacity of the thermal storage unit, the pressure drop inside the collectors-evaporators, its material and their corresponding thermophysical properties, the refrigerant charge, among others. Another proposed research line consists in hybridizing the genetic algorithm with an artificial neural network, ANN, which would replace the simulation tool, in order reduce CPU times and increase the efficiency for solving more complex optimization problems, such as the above-mentioned. Funding: The research work described in this paper was fully supported by the grants from the National Council of Science and Technology of Mexico and the resources provided by the Applied Thermal and Hydraulic Engineering Laboratory of the National Polytechnic Institute of Mexico.
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